Ventilator-associated pneumonia (VAP) is a complication of mechanical ventilation associated with significant morbidity, including prolongation of mechanical ventilation, increased ICU and hospital lengths of stay, and higher mortality rates. 1 For many years, the National Healthcare Safety Network (NHSN) of the Centers for Disease Control and Prevention (CDC) encouraged hospitals to conduct surveillance for VAP using a definition that required patients to fulfill radiographic, systemic, and pulmonary criteria. However, surveillance using this definition was labor-intensive, nonspecific, and highly subjective. 2, 3 To address these issues, the CDC created a new definition for ventilator-associated events (VAEs), including nested categories for ventilator-associated conditions (VACs), infection-related ventilator-associated complications (IVACs), and possible pneumonia ( Figure 1 ). 4 VAE definitions were designed to increase the objectivity and reproducibility of surveillance by using quantitative rather than qualitative clinical data and by providing clear formulas on how to combine these data to meet VAE criteria. It is unknown, however, whether VAE surveillance in practice is more reproducible and consistent than surveillance using the NHSN's traditional VAP definitions. Some concerns about VAE surveillance have been raised. Klouwenberg et al minimum positive end expiratory pressure (PEEP) (eg, minimum per minute, minimum per hour, minimum sustained for at least 1 hour, or 10 th percentile) identified different episodes as VAEs. Mann et al 6 demonstrated that manual surveyors make mistakes when applying VAE criteria and that different manual surveyors capture different cases relative to one another and to automated surveillance systems.
Given that VAE definitions have been proposed as possible quality improvement and benchmarking metrics, it is important to quantify the reliability and reproducibility of VAE surveillance. We compared the interrater reliability of VAE surveillance to the interrater reliability of NHSN's former VAP definition and to the clinical diagnosis of VAP by practicing intensivists. We hypothesized that interrater reliability for VAE would be high and better than interrater reliability for traditionally defined VAP and clinical VAP diagnosis by intensivists.
methods

Study Overview
This retrospective chart-review study was nested within the CDC Prevention Epicenters' Wake-Up-and-Breathe study. 7 Briefly, the Wake-Up-and-Breathe study was a multicenter prospective evaluation of a multidisciplinary opt-out protocol for daily sedative interruptions and spontaneous breathing trials conducted in 2011-2013, for which the primary study outcome was VAE rates. The study included 20 ICUs in 13 academic and community hospitals affiliated with 5 academic centers of the CDC Prevention Epicenters' Collaborative. The study tracked 5,164 consecutive episodes of mechanical ventilation over a 19-month period.
Study Population
We selected 30 patients from each of the 5 participating Epicenter sites for the current study. Given the rarity of both VAEs and traditionally defined VAPs, each site included all VAEs and all traditionally defined VAPs in their sample and then randomly selected the balance of patients (for a net total of 30 patients) from the population of patients ventilated for ≥10 days. A 10-day minimum was selected for these patients to enrich the study sample with patients more likely to have suffered respiratory complications. The sample size was selected for feasibility. Each Epicenter designated 1 or more of their ICUs enrolled in the Wake Up and Breathe Collaborative to include in this substudy based on ease of access to records.
Chart Reviews
All charts from all sites were independently reviewed by 2 research assistants (RAs) for VAEs (the primary RA for the prospective study and a second RA for this chart review), by 2 infection preventionists (IPs) for traditionally defined VAPs this chart review), and by 2 intensivists for clinical events compatible with VAP. All reviewers were blinded to patient VAE and VAP status as identified in the primary study and to each other's determinations. All data were collected using web-based forms that were centrally collated at the study's data coordinating center (Medical Research Analytics and Informatics Alliance [MRAIA], Chicago, IL).
The 2 RA VAE reviewers abstracted daily minimum PEEP and daily minimum FiO2s from patient charts. One RA reviewed charts as part of the primary, prospective study, and the other RA was provided the dates of mechanical ventilation and was asked to review charts retrospectively after the primary study had ended. Values were entered into the webbased data collection tool that then automatically identified VAEs using CDC criteria. 9 For both reviewers, if the website flagged a VAE, the reviewers were asked to also enter the patient's minimum and maximum daily temperatures, white blood cell count, and daily antibiotic exposure to assess for IVAC. When available, microbiology results were entered to assess for possible pneumonia. All laboratory testing was performed at the discretion of the treating clinicians subject to the individual protocols of the ICU and was not influenced by the research team.
The 2 IPs were asked to identify episodes of VAP using the NHSN then-current PNEU criteria. One IP reviewed charts as part of routine operational surveillance, and the other was provided the dates of mechanical ventilation and asked to review charts retrospectively, as with the RAs. NHSN trainers provided a webinar-based refresher course on PNEU surveillance for all IPs.
All prospective RA reviewers were trained together in data collection and VAE surveillance by the primary research staff via webinar. All retrospective RA reviewers were trained on an ad hoc basis by members of the research team at their local institutions. None of the reviewers (RAs or IPs, prospectively or retrospectively) had any contact with bedside providers during surveillance activities. All reviewers had access to the same data, including paper medical charts and electronic health records.
The 2 intensivists (board-eligible or board-certified critical care specialists) were provided with the dates for each patient's designated episode of mechanical ventilation and reviewed the charts retrospectively after the primary study had ended. They were asked to determine whether the patient had had an episode of "respiratory deterioration," and if so, to select its cause from a list of possible causes that included VAP. They were asked to use their expert opinion to define deterioration as well as the possible cause(s) of deterioration without further guidance, as our objective was to understand the practical clinical correlates of VAEs and VAPs. The intensivists were permitted to review any part of a patient's chart to the extent they felt necessary to make their assessment, including physiologic and lab data, diagnostic imaging, and clinical notes. Intensivists documented their assessment on an encrypted web form.
Statistical Analysis
We summarized the characteristics of included patients using standard descriptive statistics. We assessed interrater reliability (1) to identify VAEs according to the 2 RAs; (2) to identify VAP per the prior NHSN definition by the 2 IPs, (3) to identify any pulmonary deterioration event during the episode of mechanical ventilation according to the intensivist reviewers; (4) to determine the primary cause of pulmonary deterioration according to the intensivist reviewers; (5) to determine the primary cause of pulmonary deterioration due to VAP according to the intensivist reviewers, and (6) to identify any episode of pulmonary deterioration according to the intensivist reviewers versus VAE by the primary study RA. In this last category, we chose to compare intensivists' assessments to VAE classifications by the primary study RA because the study RAs received the most robust training and supervision on VAE surveillance; thus, we felt their assessments were closest to a gold standard for identification of VAEs.
Primary estimates of agreement were performed at the level of a respiratory event (eg, VAE according to study RAs, VAP according to IP, and respiratory deterioration according to intensivist reviewers). We considered reviewers to be in agreement if events identified by each rater were within 2 days of each other or if no events were identified for a given patient, considering that episodes of mechanical ventilation varied in duration and that multiple events could occur for a single patient. We also performed an analysis at the level of episodes of mechanical ventilation (ie, a binary measure of VAE or VAP at any time during an episode of mechanical ventilation, to address the reliability of using VAE surveillance methods for hospital reporting). We did not perform the analysis at the day level (ie, a binary measure of VAE or VAP on each day of mechanical ventilation) because the vast majority of days would be negative for VAE/VAP, which in turn would generate an overly positive estimate of agreement.
Interrater reliability was evaluated by estimating observed agreement, agreement expected by chance (calculated as the probability of random agreement based on the observed probabilities of events according to each rater), and Cohen's κ statistics for pairwise comparisons. 10 The scale used to interpret the κ estimates was as follows: <0, less than chance agreement; 0.01-0.20, slight agreement; 0.21-0.40, fair agreement; 0.41-0.60, moderate agreement; 0.61-0.80, substantial agreement; 0.81-0.99, almost perfect agreement. 11 We estimated 95% confidence intervals using bootstrapping methods. All statistical analyses were performed using Stata 12.0 (StataCorp, College Station, TX). The study was approved by the institutional review board at each participating hospital.
results
The study included a total of 30 patients from each of 5 participating centers for a total of 150 patients with 150 episodes of mechanical ventilation spanning 2,500 ventilator days.
Characteristics of patients and outcomes of mechanical ventilation are summarized in Table 1 . The 150 episodes of mechanical ventilation included 93 VAEs and 32 traditionally defined VAPs (according to the primary study RAs and infection preventionists, respectively), as well as 38 episodes that included neither a VAE nor a VAP.
Reliability of VAE and VAP Surveillance Definitions
Interrater reliability for VAEs including the timing of the event was high (Table 2) , with agreement of 86% and κ of 0.71 (95% CI, 0.59-0.81). Interrater reliability for VAE at any time during an episode of mechanical ventilation (ie, ignoring whether the identified events were within 2 days of each other) was also high, with agreement of 93% and κ of 0.86 (95% CI, 0.78-0.94). Agreement on the raw clinical data used for VAE assessment was almost perfect. Values of κ ranged from 0.90 (95% CI, 0.85-0.94) for daily minimum white blood cell count to 0.94 (95% CI, 0.92-0.95) for daily maximum temperature to 0.97 (95% CI, 0.95-0.98) for daily maximum white blood cell count. Agreement between the IPs using the NHSN traditional VAP criteria was slight (κ, 0.12; 95% CI, −0.05-0.29).
Correlation of VAEs with Clinical Assessments
Among patients who met criteria for a VAE according to the study RA, the most common causes identified by intensivists were VAP (13%-15%), acute respiratory distress syndrome (ARDS) (11%-12%), sepsis (4%-5%), aspiration (3%-6%), and atelectasis (2%-8%) (Table 3) . However, 44%-45% of VAEs identified by RAs were not recognized by intensivist reviewers as episodes of pulmonary deterioration at all. Conversely, intensivists identified a higher total number of episodes of pulmonary deterioration overall than study RAs (179 episodes vs 93 VAEs). There was fair agreement between intensivists on whether or not patients suffered an episode of pulmonary deterioration from any cause (κ, 0.22; 95% CI, 0.05-0.39). There was also fair agreement between intensivists on the clinical diagnosis of VAP (κ, 0.34; 95% CI, 0.17-0.51) ( Table 2) . Agreement regarding the cause for respiratory deterioration identified by intensivists was quite variable, with κ ranging between −0.007 and 0.798 (Table 4) .
discussion
Within a multicenter prospective study of VAE surveillance, agreement between research assistants on the identification of VAEs was high overall and was also high for the individual elements used to define VAEs. Consistent with previous literature, agreement between trained IPs using traditional surveillance definitions for VAP was slight, at best. 3, 5, 12, 13 Agreement between intensivists on the clinical diagnosis of VAP was only fair. Intensivists also disagreed with one another on whether patients suffered episodes of pulmonary deterioration at all, and there was poor overlap between intensivists' perceptions of pulmonary deterioration and VAE criteria. Many VAEs were not identified as deterioration events by intensivist reviewers, and many deterioration events identified by intensivists did not meet VAE criteria.
Given that these surveillance methods are intended for quality measurement and improvement and hospital performance evaluation, the improved objectivity, reliability, and potential ease of data capture from electronic medical records represent an improvement over the previous surveillance methods, which were more subjective and prone to disagreement. 2 That this study confirmed high agreement between RAs, even when using different surveillance strategies (eg, realtime data capture versus retrospective chart review), which provides reassurance that some of the goals of this revised algorithm have been met.
Our findings are also consistent, however, with previous literature suggesting a disconnect between objective surveillance and clinical evaluations. 2, 14 The surveillance definitions both miss events that clinicians identify as pulmonary deterioration and capture events that are not identified as such. Clinicians themselves, however, frequently disagreed with each other regarding whether or not patients suffered episodes of pulmonary deterioration. These discrepancies likely have several causes, including the lack of specificity for most clinical signs of pulmonary disease. In addition, retrospective chart review rather than prospective bedside evaluation may have magnified uncertainty and differences of opinion between intensivists. Finally, intensivists' clinical assessments in general may be nuanced and inherently more uncertain than decisions made for surveillance. Our study has several important strengths. It was nested within a large, multicenter study of VAE surveillance, allowing for a broad case mix for study. It is one of only a few studies with such a high number of charts reviewed for VAP diagnosis, and it is the only study to our knowledge that included reviews by 3 different stakeholders in VAE and VAP surveillance: RAs for VAEs, IPs for NHSN VAPs, and intensivists for clinical causes of respiratory deterioration. The current study is therefore a rich source of data on how perspectives vary between and among these key stakeholders in hospital surveillance.
Our study also has several limitations. First, as a multicenter study, each site had some liberty to perform surveillance in ways that were feasible. For example, some centers were able to collect some surveillance data elements automatically through electronic medical records, whereas others required complete hand collection by RAs. Furthermore, the conditions for reviewers sometimes differed within reviewer pairs. For example, one reviewer might have collected data in a prospective manner and possibly directly on-site in the study ICUs, whereas the other reviewer in a pair might have collected data retrospectively, with access to data from the entire admission. Despite these differences, interrater reliability between research assistants was high, indicating that the surveillance definitions do not appear to be heavily compromised by different collection strategies. A second limitation is that because events and diagnoses were generally rare, agreement expected by chance alone was high (because of the high nonevent rates); this was particularly so in the analyses of the interrater reliability among intensivists, where many events of pulmonary deterioration were identified but few were attributed to VAP. Therefore, κ estimates were frequently low even when observed agreement was relatively high; these numbers should be interpreted with caution.
In summary, the reliability of VAE assessment is significantly better than the prior CDC VAP surveillance definitions and better than interobserver agreement between intensivists. However, discrepancies between VAE surveillance and clinical impressions still exist. The clinical significance of these differences and their impact on quality improvement efforts are unclear. On the one hand, VAE was not intended for clinical diagnosis or clinical management but rather to help identify general sources of harm for patients at the population level. VAE definitions include a built-in threshold effect to detect only severe events (ie, complications severe enough to precipitate a sustained increase in ventilator settings). It is therefore understandable and predictable that VAE surveillance will miss some sources of respiratory deterioration identified by clinicians. This can be an advantage for quality improvement practitioners because it helps them to focus their efforts only on severe complications. On the other hand, clinicians find mismatches between surveillance events and clinical events to be disturbing and a cause to question the clinical relevance of surveillance. This tension between population surveillance using quality improvement metrics versus clinical diagnosis and management has not been resolved by the transition to VAE surveillance and merits further evaluation and better understanding before these measures can be deemed suitable for public reporting or benchmarking.
